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ABSTRACT
We study the polarization signals and physical parameters of penumbral microjets (PMJs) by using
high spatial resolution data taken in the Fe I 630 nm pair, Ca II 854.2 nm and Ca II K lines with
the CRISP and CHROMIS instruments at the Swedish 1-m Solar Telescope. We infer their physical
parameters, such as physical observables in the photosphere and chromospheric velocity diagnostics,
by different methods, including inversions of the observed Stokes profiles with the STiC code. PMJs
harbor overall brighter Ca II K line profiles and conspicuous polarization signals in Ca II 854.2 nm,
specifically in circular polarization that often shows multiple lobes mainly due to the shape of Stokes I.
They usually overlap photospheric regions with sheared magnetic field configuration, suggesting that
magnetic reconnections could play an important role in the origin of PMJs. The discrepancy between
their low LOS velocities and the high apparent speeds reported on earlier, as well as the existence
of different vertical velocity gradients in the chromosphere, indicate that PMJs might not be entirely
related to mass motions. Instead, PMJs could be due to perturbation fronts induced by magnetic
reconnections occurring in the deep photosphere that propagate through the chromosphere. This re-
connection may be associated with current heating that produces temperature enhancements from the
temperature minimum region. Furthermore, enhanced collisions with electrons could also increase the
coupling to the local conditions at higher layers during the PMJ phase, giving a possible explanation
for the enhanced emission in the overall Ca II K profiles emerging from these transients.
Keywords: Sun:atmosphere – Sun:chromosphere – sunspots – Techniques:polarimetry – Meth-
ods:observational
1. INTRODUCTION
Penumbral microjets (PMJs) were first reported by
Katsukawa et al. (2007) from time sequences obtained in
the Ca II H line with the Solar Optical Telescope (SOT;
Tsuneta et al. 2008) on board the Hinode satellite (Ko-
sugi et al. 2007). They are observed as short-lived, small,
elongated transients whose apparent rise speeds are of or-
der 100 km s−1. Their average length, width and lifetime
are about 640 km, 210 km and 90 s, respectively (Drews
& Rouppe van der Voort 2017).
PMJs stand out from their surroundings since they
are 10–20% brighter in the Hinode Ca II H passband.
However, their orientation with respect to the penum-
bral background shows a clear center-to-limb variation.
Towards the limb, PMJs pop up at an angle relative to
the penumbral filaments and it is easy to detect them,
while at disk center transients and filaments are aligned
and their detection becomes more difficult. In addition,
PMJs are upward directed in the photosphere with eleva-
tion angles in the range 20 to 60◦ and gradually become
more horizontal higher up as they follow magnetic field
lines within the flux tubes forming the spot (Jurcˇa´k &
Katsukawa 2008).
Another interesting aspect concerns the intensity pro-
files in the Ca II 854.2 nm line emerging from PMJs.
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They show a distinctive mild moustache shape (Severny
1956) with emission peaks at about ±0.3 A˚ and a rel-
atively unperturbed absorption line core, reminiscent of
line profiles of Ellerman bombs (Ellerman 1917). Accord-
ing to Reardon et al. (2013), this suggests that the event
that triggers PMJs is located around the temperature
minimum region.
Since their discovery, magnetic reconnection has been
proposed as the driving mechanism of PMJs. In the
photosphere, sunspot penumbrae have a complex mag-
netic field topology, commonly referred to as the spine-
intraspine structure (Lites et al. 1993). This configu-
ration corresponds to extended lanes of relatively weak
horizontal magnetic field (intraspines) that are embed-
ded in a background medium where the magnetic field is
stronger and more vertical (spines). Hence, PMJs could
be the consequence of reconnection between differently
inclined magnetic field lines. Specifically, Tiwari et al.
(2016) suggested that magnetic reconnections take place
between spines and opposite polarity fields existing at the
lateral sides (Scharmer et al. 2013, Ruiz Cobo & Asensio
Ramos 2013, Tiwari et al. 2013) and at the outer end
of the outflow channels. Magnetohydrodynamic simula-
tions back up the magnetic reconnection scenario (Sakai
& Smith 2008, Magara 2010).
Alternatively, Ryutova et al. (2008) proposed that
PMJs are due to shocks originated by magnetic recon-
nections occuring between neighboring penumbral fila-
ments, which is consistent with the precursor phase of
∼1 minute reported by Reardon et al. (2013).
Previous studies seem to include magnetic reconnec-
tion as a necessary ingredient to explain the observa-
2tions. Katsukawa & Jurcˇa´k (2010) and Tiwari et al.
(2016) reported small-scale downflows and opposite po-
larity patches in the photosphere both related to PMJs,
respectively, while a progressive heating to transition re-
gion (TR) temperatures along PMJs was reported by
Vissers et al. (2015). These findings could be signatures
of bi-directional flows produced by the magnetic recon-
nection process.
However, Samanta et al. (2017) recently found some
bright dots above a sunspot in the TR related to PMJs
observed in the chromosphere and proposed that the re-
connection process could actually happen at the lower
corona-TR, i.e., further up in the solar atmosphere than
hitherto thought.
Nowadays, we have sufficient knowledge about the
morphology of PMJs to speculate about their origin
based on previous studies of intensity data acquired in
chromospheric lines and polarization signals from the
photosphere. However, as far as we know, spectropolari-
metric information from the chromosphere has not been
analyzed yet.
Our present study is focused on aspects that have
so far remained unexplored. Specifically, we examine
for the first time if polarization signals emerging from
PMJs leave any distinctive imprint in the chromosphere,
their fine structure and physical properties, by inspect-
ing high spatial resolution and high temporal cadence
data acquired between the photosphere and the chromo-
sphere with the CRISP and CHROMIS instruments at
the Swedish 1-m Solar Telescope. Included in these data
are the first spectrally resolved Ca II K observations at
the highest spatial resolution available.
This paper is organized as follows. The observations
and the data reduction process are described in Section 2.
We define how PMJs were detected in Section 3. The
characterization of the polarization in PMJs, their spa-
tial distribution, and the inference of some of their atmo-
spheric parameters obtained by applying inversions and
other methods are outlined in Section 4. After that, our
results are interpreted, discussed and compared with pre-
vious studies in Section 5. Section 6 gives an overview of
our work.
2. OBSERVATION AND DATA REDUCTION
The main sunspot in the active region 12585 was ob-
served on September 5th, 2016 between 09:48:31 and
10:07:24 UT (upper panel in Figure 1) with the CHRO-
Mospheric Imaging Spectrometer (CHROMIS) and the
CRisp Imaging SpectroPolarimeter (CRISP; Scharmer
2006; Scharmer et al. 2008) at the Swedish 1-m Solar
Telescope (SST; Scharmer et al. 2003). The spot had
negative polarity and was located at a heliocentric angle
of 7.5
◦
(µ = 0.99).
The CRISP data consist of a multi-wavelength time
series of full-Stokes measurements in the photospheric
Fe I 630 nm pair and the chromospheric Ca II 854.2 nm
lines at high spatial resolution and temporal cadence.
The Ca II 854.2 nm line was sampled at 19 line posi-
tions between ±100 pm from the line core, plus addi-
tional two positions at ±175 pm. As the wings of the
Ca II 854.2 nm line have a photospheric contribution
and its core is mainly formed in the chromosphere, non-
equidistant sampling steps of 7 pm were used close to core
and a wider sampling in the wings. The Fe I 630 nm pair
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Figure 1. Filtergrams of continuum intensity image of the
Fe I 630.1 nm line (upper), blue-wing of Ca II 854.2 nm at −0.21 A˚
(middle) and blue wing of Ca II K at −0.24 A˚ (lower panel). This
scan was taken at 09:55:00 UT. Pink squares show positions of
PMJs in the mid and lower panels. Axes are in arcsec. Contours
outline the inner and outer boundaries of the penumbra and the
arrow points to the solar disk center.
sampling consists of non-equidistant 16 line positions be-
tween−155 and +10 pm from the Fe I 630.2 nm line core.
Data in the H I 656.3 nm (Hα) line were also acquired,
but not used in this study. A complete sampling of the
three spectral lines required 32 s. The duration of this
series is ∼20 minutes (35 timesteps). The whole FOV is
58′′ x 58′′ with a pixel size of 0.′′057.
3The CHROMIS data are a temporal sequence of high
spatial resolution filtergrams in the Ca II K 393.4 nm
line. This line was sampled at 18 line positions in steps
of 6 km s−1 between ±50 km s−1 from the line center,
plus two extra points at ±100 km s−1 and a continuum
point at 400 nm. In addition, data in H I 486.1 nm (Hβ)
were also obtained, but not used in the present work.
The temporal cadence of the CHROMIS data is ∼14 s,
which is less than half that of CRISP. The CHROMIS
sequence has 91 timesteps. Images have a FOV of 68′′ x
44′′ and a pixel size of 0.′′0375.
The data reduction was performed individually for
each spectral line. The CRISP data were reduced us-
ing the CRISPRED pipeline (de la Cruz Rodr´ıguez et al.
2015). We used a new data reduction pipeline called
CHROMISRED (Lo¨fdahl et al. 2018) to process the
CHROMIS data. All data were processed with the Multi-
Object-Multi-Frame-Blind-Deconvolution image restora-
tion technique (MOMFBD; Lo¨fdahl & Scharmer 1994;
van Noort et al. 2005). For the CRISP data, the po-
larimetric calibration was performed for each pixel of
the FOV following van Noort & Rouppe van der Voort
(2008).
During the alignment of both datasets, we took into
account the differences in cadence and image scale be-
tween the CRISP and CHROMIS datasets. As the tem-
poral cadence of the CHROMIS data is higher, CRISP
images were duplicated and systematically destreched to
have the same number of images on both datasets and fa-
cilitate the subsequent analysis. Finally, the CRISP and
CHROMIS datasets were accurately aligned by scaling
up the CRISP pixel scale to that of CHROMIS (0.′′0375)
and cross-correlating images acquired at the continuum
in the Ca II 854.2 nm and in the Ca II K.
3. DETECTION OF PMJS
PMJs are small, bright, jet-like transients in chro-
mospheric penumbrae, whose morphology, life dynam-
ics and distintive Ca II 854.2 nm line profiles have been
previously reported (see Section 1). Considering these
aspects, we detected PMJs as elongated brightenings
through visual inspection of time series of blue- and red-
wing filtergrams in the Ca II 854.2 nm line (at ± 0.35 A˚)
using the CRIsp SPectral EXplorer (CRISPEX, Vissers
& Rouppe van der Voort 2012) tool. Besides, we checked
that their temporal behavior shows a smooth brightness
variation (Reardon et al. 2013) to ensure that they rep-
resent genuine PMJs.
We found 37 PMJs, five of them are marked in the
Ca II 854.2 nm and Ca II K maps displayed in Figure 1.
Although they are clearly seen in the Ca II 854.2 nm
filtergram, some of them are more noticeable in Ca II K
due to a higher contrast between the sharp, bright PMJs
and the dark penumbral background.
Regarding their appearance, these PMJs exhibit a wide
range of lengths from 725 to 2500 km and widths between
290 and 750 km, with median values of 1450 and 435 km,
respectively. They can be observed for 4–28 frames (∼1–
6.5 minutes); some of them are recurrent.
Figure 2 shows positions and Ca II 854.2 nm line pro-
files emerging from a pixel at the maximum brightness of
the detected PMJs. They are located on both penumbral
sides at different radii, being more visible at the outer
boundary. Their intensity profiles in Ca II 854.2 nm
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Figure 2. Positions and Ca II 854.2 nm intensity profiles of the
detected PMJs. Top: Location of our 37 examples overplotted
on a blue-wing filtergram of the Ca II 854.2 nm line (–0.21A˚).
Each major tick represents 10′′. Bottom: Ca II 854.2 nm line pro-
files emerging from a pixel of each detected PMJ at its maximum
brightness and their average (magenta and black solid lines). All
intensity profiles are normalized to the average quiet Sun intensity
(IQS) in the first observed wavelength. The mean quiet Sun profile
in the scan taken at 09:55:00 UT is plotted as a reference (black
dashed).
(magenta lines) are well-defined with emission peaks in
one or both wings, where the intensity signals are 10–
60% greater than for the quiet Sun (QS). Their average
profile (black solid) facilitates the display of this signa-
ture, in particular when comparing with the QS profile
(black dashed).
4. RESULTS
In this section we characterize the polarization in
PMJs, the spatial distribution of their Ca II 854.2 nm
Stokes profiles, and some of their physical properties by
means of inversions and other techniques. Since all ex-
amples have similar characteristics, we illustrate them by
showing two cases located in different positions (labeled
as 1 and 2 in Figure 2).
We refer to the profile features of the Ca II K line as in
Hale & Ellerman (1904) and define the central minimum
as K3 and the two emission peaks as K2V and K2R, where
V and R stand for the violet (blue) and red side of the
line.
4.1. Chromospheric polarization signals in PMJs
For the first time, we study the spectropolarimetric
information in the Ca II 854.2 nm line emerging from
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Figure 3. Details of PMJ 1. Left: Close-ups of the intensity
Ca II K at –0.24 A˚, intensity Ca II 854.2 nm at –0.21 A˚ filtergrams
and blue-wing polarization maps of Ca II 854.2 nm at –0.14 A˚. Each
major tick mark represents 1′′. Contours enclose the extension of
the PMJ. Middle: Spectra emerging along the dashed line drawn
in the close-ups. Right: Stokes profiles observed at the position
of the PMJ marked with horizontal magenta dashes on both sides
of the previous panels (solid line). For comparison, the average
Stokes profiles computed using the pixels surrounding the PMJ
are also plotted (dotted line). Arrows point out two extra lobes in
Stokes V .
pixels harboring PMJs. In the case of the Ca II K data,
we study the intensity profiles.
Figure 3 corresponds to PMJ 1, which is located in the
outer part of a disk-center penumbral region close to the
perpendicular direction to the symmetry line, the line
that connects the center of the sunspot to disk center.
The PMJ is observed as a bright, elongated feature in the
intensity panels. Moreover, it coincides with clearly en-
hanced signals in polarization that unveil the existence of
differently inclined magnetic field lines within the PMJ.
In the middle column of Figure 3, the intensity spectra
of the Ca II 854.2 nm and Ca II K lines along the fea-
ture exhibit brightenings in both wings at the position
of the PMJ, being greater in the blue wing than in the
red one. All polarization spectra reveal enhanced signals
in the PMJ, being remarkably irregular in Stokes V (see
further discussion below). In the right column, the cor-
responding intensity profile of Ca II 854.2 nm exhibits an
expected moustache shape, whose blue emission peak is
larger than the red one. Regarding the overall Ca II K
intensity profile, it is considerably brighter and wider
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Figure 4. Details of PMJ 2. The layout is the same as in Figure 3.
than that on the average emerging from the surround-
ings. The K2 peaks show the same asymmetry as the
emission peaks of the Ca II 854.2 nm line, suggesting
that the PMJ leaves similar imprints on both spectral
ranges, i.e., between the temperature minimum region
and the mid chromosphere (Cauzzi et al. 2008, Reardon
et al. 2009, Bjørgen et al. 2018). Furthermore, the polar-
ization profiles are well above the noise level. The linear
polarization signals do not show distinct features, except
they are stronger and more well-defined than in their
surroundings, in particular as regards Stokes Q. The
circular polarization shows a four-lobed profile.
Our second example, PMJ 2, is located in the mid
limb-side penumbra and is represented in Figure 4. We
can essentially notice similar aspects to those outlined in
Figure 3, even though its Stokes U signal is poorer.
Both examples have four-lobed Stokes V profiles in the
Ca II 854.2 nm line. Figure 5 shows a far red-wing mag-
netogram of the Ca II 854.2 nm line (at +0.45 A˚), where
conspicuous black patches are observed, mainly in the
mid and outer penumbra. Far blue-wing magnetograms
also show greater signals, however they look more promi-
nent in the far red-wing by contrast. We find many
of these patches to coincide with the location of PMJs
(marked by magenta circles), while the few remaining are
related to other features. Thus, far-wing magnetograms
are a good diagnostic to identify PMJs. Particularly in
the case of sunspots close to the disk center, identifying
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Stokes V/IQS  Ca II 854.2 nm  (+0.45 Å)
Figure 5. Far red-wing magnetogram of the Ca II 854.2 nm line.
Magenta circles show the position of enhanced signal coinciding
with PMJs. The black contours outline the penumbral region.
Axes are labeled in arcsec.
PMJs in far-wing magnetograms is more effective than
in intensity diagnostics since due to projection, PMJs in
intensity are closely aligned to background photospheric
penumbral filaments of comparable intensity level and
PMJs identification becomes very challenging. In the
far-wing magnetograms, PMJs stand out clearly as op-
posite polarity features for sunspots at any location on
the disk.
We interpret the shape of the Ca II 854.2 nm Stokes V
profiles emerging from PMJs by using the weak-field ap-
proximation (WFA), which assumes that the magnetic
field strength is constant with depth and weak enough
to produce a Zeeman splitting much smaller than the
Doppler width throughout the formation region of a spec-
tral line (Landi Degl’Innocenti & Landolfi 2004). In pre-
vious studies, the WFA has been successfully applied in
chromospheric data (as in Mart´ınez Gonza´lez et al. 2012),
particularly in Ca II 854.2 nm Stokes V observations (de
la Cruz Rodr´ıguez et al. 2013, Asensio Ramos et al. 2017,
and others) because it is a relatively broad line and its
Lande´ factor is relatively low (g˜ = 1.10).
According to the WFA, the observed Stokes V profile
of a spectral line can be expressed as
V (λ) = −CB‖
∂I(λ)
∂λ
(1)
where C is a constant dependent on the laboratory wave-
length and the effective Lande´ factor, B‖ = B cos γ is
the longitudinal component of the magnetic field that
coincides with the magnetic field along the line-of-sight
(BLOS), B is the field strength, γ is the inclination of the
field with respect to the line-of-sight (LOS) and I is the
observed intensity profile. Thus, the shape of Stokes V
is given by the partial derivative of Stokes I and the role
of B‖ (times −C) is to play as a scale factor.
An estimated value of B‖ can be inferred by applying a
linear least-squares fit to solve Equation 1, which yields
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Figure 6. Results from the WFA on PMJs 1 and 2. Top: Com-
parison of the observed Stokes V and ∂I(λ)/∂λ in Ca II 854.2 nm
(black and magenta lines) of the pixels shown in Figures 3 and 4.
The B‖ value inferred from Equation 2 is indicated in the lower
right corner of each panel. Bottom: Maps of the B‖ retrieved for
PMJs 1 and 2 (left and right) by applying the WFA on wavelengths
corresponding to the outer lobes of the Stokes V profile. Contours
enclose each PMJ. Each major tick mark represents 1′′.
B‖ =
∑
i
∂I(λi)
∂λi
V (λi)
−C
∑
i
(
∂I(λi)
∂λi
)2 . (2)
In Figure 6, we compare the Stokes V profiles and the
partial derivative of the Stokes I profiles displayed in Fig-
ures 3 and 4. The partial derivative of Stokes I is scaled
by using the B‖ obtained by Equation 2, which point
to negative magnetic fields (see the lower right corner of
each panel). The derivative of the Stokes I mimics al-
most perfectly the Stokes V profiles in PMJ 1, however,
the outer lobes in PMJ 2 exhibits some discrepancies,
which could reveal gradients of B‖ in the upper photo-
sphere/low chromosphere. This is supported by the B||
values inferred for PMJs 1 and 2 by applying the WFA
on the wavelengths corresponding to the outer lobes of
Stokes V . In the lower panels panels of Figure 6, the
B‖ values obtained for PMJ 1 are barely distinguishable
from those inferred for its surroundings. On the other
hand, PMJ 2 shows more noticeable B‖ values, whose
difference with respect to their surroundings seems to
mark out the position of the feature.
Other examples show similar behavior between the
Stokes V and the partial derivative of Stokes I. Thus,
we conclude that the outer lobes of Stokes V are mainly
given by the emission peaks present in Stokes I and not
by the coexistence of multiple magnetic components in
the same resolution element.
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Figure 7. Spatial variation of the Stokes profiles emerging along
PMJ 1, corresponding to Type 2 (Table 1). Top: Close-ups of
blue-wing Stokes I and V maps in Ca II 854.2 nm and Stokes I
map in Ca II K. Same layout and saturation as in the left column
of Figure 3. Contours outline the PMJ. Bottom: The observed
Stokes profiles of pixels along the cut drawn in the upper close-
ups. Horizontal dashes delimit profiles within contours. Vertical
lines indicate the rest position. The profiles are arbitrarily shifted
in the vertical position.
4.2. Spatial variation of Stokes profiles in PMJs
The fine structure of PMJs spectra is still unknown
and, consequently, we do not know if there is any no-
ticeable change within PMJs that could shed more light
on them. Here, we report on how the Ca II 854.2 nm
and Ca II K intensity profiles change along the length of
PMJs during their maximum brightness.
Figure 7 displays all the Stokes profiles emerging along
the PMJ 1, but only every fifth pixel outside the con-
tour is shown. The Stokes I profiles of both lines are
not randomly distributed within the PMJ. There is a
smooth transition from regular profiles outside this fea-
ture to PMJ-like ones along it. The upper Stokes pro-
files correspond to regular penumbral surrounding pix-
els, with regular Ca II 854.2 nm Stokes I and V profiles.
Although the K2 peaks appear enhanced, their signals
are actually low and not worthy of mention. After that,
Ca II 854.2 nm intensity profiles develop simultaneously
emission peaks on both wings that vary along the PMJ,
being more intense in the middle of it. Consequently,
Stokes V signals show four lobes, mostly modulated by
the derivative of Stokes I. The K2 peaks are also remark-
able along the cut, usually displaying amplitude asym-
metries similar to those of the Ca II 854.2 nm emission
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Figure 8. Spatial variation of the Stokes profiles emerging along
PMJ 2 showing asymmetry variations in the blue and red wings,
corresponding to Type 5 (Table 1). Same layout as in Figure 7.
Table 1
Spatial variations of the Ca II 854.2 nm intensity profile along
PMJs. The fourth column stands for asymmetry variations along
the transients. The total number of PMJs is 37.
Type Blue Red Asym. Occurrences
peak peak variation (percentage)
1 Yes No No 7 (18.9%)
2 Yes Yes (weak) No 11 (29.8%)
3 No Yes No 1 (2.7%)
4 Yes (weak) Yes No 15 (40.5%)
5 Yes Yes Yes 3 (8.1%)
peaks. Lastly, all signals smoothly decrease as moving far
from the center of the PMJ. Unfortunately, the spectral
information at the outer end (the one located furthest
from the umbra) appears distorted, possibly due to an-
other feature pursuing the PMJ, so we cannot detect how
the profiles change to normal ones again.
We distinguish between five spatial distributions de-
pending on the variation of the Ca II 854.2 nm intensity
profiles along the PMJs, as Table 1 lists. According to
this, PMJ 1 corresponds to Type 2. As in Drews &
Rouppe van der Voort (2017), PMJs tend to exhibit a
blue emission peak in Ca II 854.2 nm intensity profiles,
which emerges alone or together with the red one, as
they usually show Types 1, 2, and 4. The detection of
unambiguous Type 5 profiles is not easy by a visual data
inspection, so we could retrieve just a few cases, however,
its longitudinal asymmetry variation is worthy of study
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Figure 9. Spectral-temporal behavior of PMJ 2. Spectra-time
slices in Ca II 854.2 nm and Ca II K emerging from the pixel de-
scribed in Figure 4, which is marked with a red plus symbol in the
right column. Time goes from bottom to top with a sampling of
14 s. The x-axis is expressed as Dopplershift from the line core.
Vertical lines and horizontal dashes show the wavelength and tem-
poral positions of the maps displayed on the right side. Each major
tick mark in the right column represents 1′′.
as it is depicted below in PMJ 2.
Figure 8 reveals Ca II 854.2 nm Stokes I profiles with
emission peaks in the red wing at the inner end of the
PMJ (close to point A). Moving away from the umbra,
this red emission peak diminishes while another peak in
the blue wing increases, showing similar amplitudes at
the center of the PMJ. Then, the red brightening van-
ishes while the blue one grows. Unfortunately, this PMJ
is also affected by another pursuing feature and we can-
not observe the transition to a normal intensity profile.
The circular polarization shows similar characteristics as
before. Regarding the Ca II K line, both K2 peaks are
visible along the longitudinal cut so their amplitudes are
not always correlated to those of Ca II 854.2 nm, as op-
posed to PMJ 1.
To examine this discrepancy, Figure 9 displays
the spectral-temporal behavior of PMJ 2 in the
Ca II 854.2 nm and Ca II K lines. The blue wing of
Ca II 854.2 nm is bright while the red wing is covered
0 20 40
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40
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Type 2
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Type 5
Figure 10. Location of the different spatial variations of intensity
profiles along PMJs overplotted on the Ca II 854.2 nm filtergram
shown in Figure 1. Different colors distinguish each type (see leg-
end). The black arrow points to the disk center. The black and
grey contours outline the penumbral borders. Axes are labeled in
arcsec.
up by a diagonal dark lane produced by the presence of
short dynamic fibrils (Rouppe van der Voort & de la Cruz
Rodr´ıguez 2013) in the line core and red wing. Conse-
quently, only the inner end of the PMJ is discerned since
the superpenumbral fibril hides the rest of it at those
wavelength positions. Meanwhile, we observe the whole
PMJ in all Ca II K line filtergrams, except in its core
where it is shorter.
Therefore, regions located close to the edges of the
PMJs reveal a mixture of a PMJ component and another
originating from the background during a mild and fast
transition. Intensity profiles show distinguishable char-
acteristics that smoothly change and reveal fine changes
in the atmospheric parameters within PMJs. However,
these signals are easily affected by neighboring features
and show distorted shapes.
We also examined the position of the spatial distri-
butions types throughout the spot, which are indicated
by different colored circles in Figure 10. These distri-
butions appear regardless the penumbral side, so they
are not influenced by any projection effect. We also find
that Type 4 profiles, with a strong red peak and a weak
blue peak, tend to appear close to the outer penumbral
boundary.
4.3. Scenario in the photosphere
We analyze the photosphere below PMJs by comput-
ing velocity and magnetic field diagnostics. This is moti-
vated by some authors having pointed out the intrincate
photospheric magnetic configuration of the penumbra as
a possible trigger for PMJs in the chromosphere.
To infer the photospheric LOS velocity and magnetic
field below the PMJs, we performed inversions of the
Stokes profiles observed in the Fe I 630 nm pair under the
Milne-Eddington (ME) assumption. As the heliocentric
angle is small, vertical motions can almost be retrieved
from LOS velocity maps. Each Dopplergram was cal-
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Figure 11. Photospheric diagnostics in the region of PMJ 1 (two top rows) and 2 (two bottom rows). From left to right : blue wing intensity
filtergram in the Ca II 854.2 nm line, continuum intensity filtergrams in the Fe I 630.15 nm line, NCP maps, red-wing magnetograms of
the Fe I 630.15 nm line, and LOS velocity, magnetic field strength and inclination retrieved from the ME inversions. Contours outline each
PMJ case. Each major tick mark represents 1′′.
ibrated using as reference the average LOS velocity in
the umbra (Beckers 1977).
In addition, we inspected net circular polarization
(NCP) maps of the Fe I 630.1 nm, which can be used
as indicators of gradients in velocity and magnetic fields
along our LOS in the photosphere4 (Illing et al. 1975)
and reads NCP =
∫ λ2
λ1
V (λ) dλ. We also examined far
red-wing Stokes V signals in search of any characteristic
signal related to PMJs (Katsukawa & Jurcˇa´k 2010).
Figure 11 displays the photospheric diagnostics in re-
gions harboring PMJs 1 and 2 in two non-consecutive
snapshots: one when the PMJ has its maximum bright-
ness and another only with the pursuing feature. The
corresponding blue-wing Ca II 854.2 nm filtergrams are
also shown to indicate the location of the PMJ.
PMJ 1 appears above the lateral edge of a penum-
bral filament, specifically in the spine-intraspine transi-
tion, where the field strength is about 1.1 kG. Down-
flows due to magnetic reconnection in the photosphere
are expected to be weak (Katsukawa & Jurcˇa´k 2010)
and, therefore, hard to identify. Within the PMJ 1 con-
tour, we find a patch with negative NCP and red wing
Stokes V values that is almost at rest, coinciding with
a field strength gradient. This patch remains approxi-
mately at the same place as the PMJ evolves even when
only the pursuing feature is visible, suggesting that they
4 Although their presence is not necessary to produce NCP sig-
nals, gradients in the magnetic field along the LOS can alter their
amount (Auer & Heasley 1978).
are related to other photospheric events, not to the PMJ.
PMJ 2 overlaps a penumbral filament and the lat-
eral edge of a nearby one, also concurring with a spine-
intraspine region. Patches with different LOS velocities
and NCP values appear with the same orientation as the
penumbral filaments within the PMJ. They do not evolve
as the PMJ does and can be found in other places as well.
Red-wing Stokes V maps do not show any particular sig-
nal within the feature.
Interestingly, PMJs mostly occur where there are
strong horizontal gradients in the magnetic field incli-
nation, either between filaments or in the sunspot outer
boundary. Intensity filtergrams reveal that PMJs are
found above different locations with respect to penum-
bral filaments, such as on their lateral or outer sides, close
to penumbral grains or even overlapping them. Further-
more, many PMJs appear in the sunspot outer boundary,
where magnetic field mostly sinks to deeper layers (e.g.,
Westendorp Plaza et al. 1997) and the Evershed flow
partially continues as the moat flow (Sheeley 1969).
Regardless the location of the PMJs over the spot, we
can not unambiguously relate them to clear enhanced
NCP signals and/or downflows. Subsonic oscillations
(Leighton et al. 1962) may hide the latter, however, see-
ing conditions were not stable enough to remove them
and filtering produce artifacts.
4.4. Ca II K line diagnostics
Each profile feature of the Ca II K line is sensitive to
a different height in the solar atmosphere. The K2 and
9K3 peaks are formed in the chromosphere, roughly at
1.0–1.3 Mm and ∼2 Mm in the QS, and they provide a
powerful tool for LOS velocity diagnosis at these heights
(Bjørgen et al. 2018).
We applied an automated code to identify the Ca II K
profile features of each PMJ at their maximum bright-
ness. Following the expressions in Bjørgen et al. (2018),
we computed the K2 peak separation (dK2), the asym-
metry of the K2 peaks (AK2), the average Doppler shift
of the K2 peaks (∆vK2) and the Doppler velocity of the
K3 peak (vK3) in regions containing each PMJ. We de-
fined the LOS velocity sign criteria, so that negative and
positive LOS velocities stand for upflows and downflows,
respectively. Figures 12 and 13 display the results given
for PMJs 1 and 2. The identification of the profile fea-
tures proved satisfactory, although there are some bad
fits.
In Figures 12 and 13, the average Doppler shift of the
K2 peaks is blueshifted in almost all the region, even in
the PMJs which exhibits upflows of order -1.5 km s−1.
However, the Doppler shift of the K3 peak is overall more
redshifted, reaching values of ±0.6 km s−1 in PMJ 1.
The inner end of PMJ 2 is notably more blueshifted to
about –2 km s−1. Therefore, there is a velocity decrease
between the K2 and K3 peak formation heights. This
velocity gradient is also present in the surroundings of
the PMJs. The inner end of PMJ 2 shows an increase in
upflow velocity with height.
Figures 12 and 13 show bright features as lanes with
more positive K2 peak asymmetries. Among them are
the PMJs though there are some differences, as in the
inner end of PMJ 2 whose K2 peak asymmetries are neg-
ative since their K2R peaks are stronger than the K2V
ones (see Figures 7 and 8). Finally, the K2 peak sepa-
rations are greater than 25 km s−1 in both PMJs. This
quantity is sensitive to vertical velocity gradients in the
upper-mid chromosphere and to temperature enhance-
ments in the lower chromosphere. Thus, the inferred
K2 peak separations within these PMJs indicate that
these effects are present. While the former is usually
also found in their surroundings, the latter is distinctive
in PMJs as they pop up as sudden brightenings in the
lower chromosphere.
After examining all cases, we observe that flows within
PMJs are more blueshifted (or redshifted) with height, if
the K2R peak is greater than the K2V one (or viceversa).
Thus, different types of Ca II K profiles within a given
PMJ correspond to different variations of the vertical
velocities between the mid and upper chromosphere, as
these are correlated with the K2 peak asymmetries.
Finally, we have performed a statistical analysis of the
parameters inferred from the Ca II K line to characterize
some properties of the PMJ in the chromosphere. This
statistical analysis is based on 14300 pixels belonging to
the detected PMJ features. We only considered the time
step corresponding to the maximum brightness of each
PMJ feature during its temporal evolution. Although
the individual evolution of each pixel may slightly differ,
most of the pixels within the PMJ are at their maximum
brightness. In addition, we compared the results with
the properties of the surroundings. The surroundings
was defined as those pixels in the 3′′× 3′′ area centered
on the PMJ that do not belong to the PMJ. This second
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Figure 12. Velocity diagnostics derived from the Ca II K peaks
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Figure 13. Velocity diagnostics derived from the Ca II K peaks
for PMJ 2. The layout is the same as in Figure 12.
set consists of 171500 pixels. Unsuccessful identifications
of the profile features were discarded from both sets.
Figure 14 shows histograms of the maximum K2 peak
intensity, the K3 peak intensity, and the velocity diagnos-
tics given by the Ca II K line for both sets, which are nor-
malized to the number of pixels in each sample. The dis-
tributions of the maximum K2 and K3 peak intensities di-
verge between groups. Both sets show wide distributions
but pixels within PMJs have greater values, mainly in
the maximum K2 peak intensity that reaches up to 0.32.
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Table 2
Spectral lines and nodes in temperature, LOS velocity,
microturbulence, longitudinal and horizontal components and
azimuth of the magnetic field used in each cycle of inversions.
Cycles with ’†’ symbols were performed over a downsampled
FOV. Star superscripts denote non-equidistant nodes, specifically
located at log(τ) [–7.6, –5.0, –3.8, –2.6, –1.5, 0.5], [–7.6, –5.0,
–3.8, –2.8, –1.9, –1.2, 0.5] and [–5.8, –5.0, –3.8, –2.8, –1.9, –1.2,
0.5] in LOS velocity, [–5.5, –2.5, –0.5] in B||, and [–5.5, –0.5] in
B⊥ and φ.
cycle Spectral lines T vLOS , vmic B||, B⊥, φ
1† Fe I, Ca II IR 7 5, 3 2, 1, 1
2 Fe I, Ca II IR 7 6, 3 2, 1, 1
3† Fe I, Ca II IR, Ca II K 7 6, 3 2, 1, 1
4 Fe I, Ca II IR, Ca II K 7 6⋆, 3 3, 2, 1
5 Fe I, Ca II IR, Ca II K 7 6⋆, 4 3, 2, 2
6 Fe I, Ca II IR, Ca II K 7 7⋆, 4 3⋆, 2⋆, 2⋆
The median maximum K2 and K3 peak intensities in
PMJs are 0.16 and 0.11, respectively. Most of the pixels
of both sets show average Doppler shifts of the K2 peaks
and Doppler shifts of the K3 peak less than ±4 km s
−1.
However, the latter quantity tends to be more redshifted
in comparison to the former. PMJs harbor median aver-
age Doppler shifts of the K2 peaks and Doppler shifts of
the K3 peak of –0.71 and 0.74 km s
−1. Although the dis-
tributions of the asymmetry of the K2 peaks in PMJs and
their surroundings have similar shapes, the former one is
wider, where most values are around –0.08 and 0.25, and
its median value is 0.05. Both distributions are shifted to
positive asymmetries, indicating that flows tend to har-
bor more redshifted velocities between the K2 and K3
peak formation heights. Regarding the separation of the
K2 peaks, PMJs usually show greater values than their
surroundings and their median value is 24.8 km s−1.
Therefore, PMJs are observed as brighter locations
in the K2 and K3 peaks that usually stand out in the
K2 peak separation.
4.5. Inversions of PMJs
We performed an inversion of the Stokes profiles in the
Fe I 630 nm pair, Ca II 854.2 nm and Ca II K lines
emerging from PMJs with the STiC code (de la Cruz
Rodr´ıguez et al. 2016, 2018) to retrieve atmospheric in-
formation within the formation regions of these spectral
lines. Although it would be interesting to analyze all
detected PMJs, we considered the PMJs 1 and 2 since
these inversions are computationally expensive.
STiC is a new non-LTE inversion code based on the RH
code (Uitenbroek 2001) to solve the non-LTE problem.
For a given stratified atmospheric input model, it derives
pressure scales considering hydrostatic equilibrium. In
addition, it assumes a plane-parallel geometry to calcu-
late the atomic population in each pixel and considers the
effect of partial redistribution in angle and frequency of
scattered photons (Leenaarts et al. 2012). The radiative
transport equation is solved using cubic Bezier solvers
(de la Cruz Rodr´ıguez & Piskunov 2013). The inversion
engine of STiC includes an equation state extracted from
the SME code (Piskunov & Valenti 2017).
The same strategy was followed in both examples that
consists of six cycles of inversions, as is summarized in
Table 2. We initialized our inversions employing a simple
input model, whose physical parameters are commonly
found in sunspots penumbrae (LOS velocity of 1 km s−1,
magnetic field strength of 1 kG and inclination of 130◦)
and its temperature imitates the height dependence be-
tween the photosphere and upper chromosphere (as in
Fontenla et al. 1993), over a downsampled FOV enclosing
the PMJ and its surroundings. The use of a downsam-
pled FOV is supported by the smooth spatial distribution
of the profiles in PMJs (Section 4.2), which suggests that
physical conditions do not abruptly vary within them.
We use the resized version of the output model as input
model in the following cycle.
To speed up convergence, the first cycles were per-
formed without Ca II K data. Furthermore, we used a
slightly smoothed version of the output model obtained
in the previous cycle as the input model of the next one
when consecutive cycles have the same FOV.
4.5.1. PMJ 1
Figure 15 shows the atmosphere retrieved from inver-
sions of PMJ 1 at different heights from the photosphere
to the mid chromosphere. The achieved fits are good
in most of the profiles, as Figure 16 shows for a pixel
inside the PMJ where the fits capture the shape of the
observed Stokes profiles within the noise. The inferred
atmospheric parameters are also displayed. Although the
plots extend to log(τ)=–7.6, we only consider results ob-
tained up to heights that are equivalent to log(τ)=–4.5
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Figure 15. Temperature, LOS velocity, magnetic field strength
and inclination obtained from inversions of PMJ 1, which is en-
closed by contours. Height from solar surface increases from top
to bottom, as indicated by the log(τ) values in the temperature
maps. Major tick marks represent 1′′. The plus symbol marks the
pixel represented in Figure 16.
since the uncertainties in the inverted parameters are
large for greater heights.
The temperature at log(τ)=–0.5 displays typical bright
penumbral filaments embedded in a dark photospheric
background, with these features appearing more blurred
at log(τ)=–1.5. However, the temperature at the center
of the PMJ increases considerably from 4700 to 6000 K
at higher layers, which is about 200–500 K greater as
compared to the surroundings.
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Figure 16. Results inferred from a pixel within PMJ 1 (plus
symbol in Figure 15). Left : Observed and best-fit profiles (black
and red lines). The x-axes represent the calibrated wavelengths,
which are sorted into ascendent order: Ca II K, the Fe I 630 nm
pair and Ca II 854.2 nm. The y-axes are given in CGS units
(erg cm−2 s−1 ster−1). The Stokes I profile of Ca II K is mul-
tiplied by 3 for better visibility. Right : Atmospheric parameters
resulting from the inversion of the Stokes profiles shown on the left
side.
The second column of Figure 15 shows photospheric
flow channels harboring LOS velocities similar to those
inferred from the ME inversions, even a roundish down-
flow appears at approximately the same place as in Fig-
ure 11. In the upper layers, LOS velocities are pre-
dominantly blueshifted and enhanced between log(τ)=–
2.5 and –4, though we can distinguish small variations.
A strong blueshift is visible above the photospheric
downflow until log(τ)=–4, but not further up. A less
blueshifted region, of about –1 km s−1, partially over-
laps the inner end of the PMJ at –3.5 and becomes more
redshifted with height until log(τ)=–4.5, where most of
the PMJ is at rest. Despite LOS velocities at log(τ)=–4.5
differ from those computed from the K3 peak, the gen-
eral qualitative behavior agrees with that inferred from
the Ca II K diagnostics.
Lastly, the upper row of the two last columns of Fig-
ure 15 shows a spine-intraspine region, as in Figure 11.
The magnetic field strength and inclination are weaker
and more diffuse at higher layers. However, besides the
strong magnetic field on the right side, magnetic fields
of ∼1 kG are visible within the PMJ at log(τ)=–2.5,
which rapidly weaken to 0.6 kG along it, as the corre-
sponding polarization signals do (Figure 3). These val-
ues are reduced in the chromosphere, albeit remaining
discernible. The field lines within the PMJ are quite
horizontal (∼115◦), suggesting that it follows the field
lines of the chromospheric canopy. Therefore, the per-
pendicular component of the magnetic field contributes
significantly to the field strength and explains the differ-
ence between the results derived from the inversions and
the WFA (see Section 4.1).
12
        
 
 
 
    
 
 
5.5
6.0
        
 
 
 
    
 
 
4.5
5.0
        
 
 
 
    
 
 
4.5
4.8
        
 
 
 
    
 
 
4.5
4.8
        
 
 
 
    
 
 
5.0
5.5
6.0
        
 
 
 
    
 
 
5.5
6.0
6.5
7.0
7.5
        
 
 
 
    
 
 
−3 −2 −1 0 1 2 3
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
0.8 1.2 1.6
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
60 90 120
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
        
 
 
 
    
 
 
T 
[k
K]
T 
[k
K]
T 
[k
K]
T 
[k
K]
T 
[k
K]
T 
[k
K]
vLOS [km s−1] B [kG] γ [°]
−0.5
−1.5
−2.5
−3.5
−4.0
−4.5
+ + + +
+ + + +
+ + + +
+ + + +
+ + + +
+ + + +
Figure 17. Temperature, LOS velocity, magnetic field strength and inclination inferred from inversions of PMJ 2. The layout is the same
as in Figure 15. The plus symbol marks the pixel whose results are shown in Figure 18.
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Figure 18. Results obtained from a pixel within PMJ 2 (plus
symbol in Figure 17). The layout is the same as in Figure 16.
4.5.2. PMJ 2
The atmospheric parameters inferred from PMJ 2 are
presented in Figure 17. As in the case of PMJ 1, the
inversions of most of the pixels were sucessful, as the
fits achieved for the observed Stokes profiles illustrate in
Figure 18.
Generally, the physical parameters shown in Figure 17
reveal variations akin to those depicted in PMJ 1. The
temperature enhances within the PMJ at log(τ) = –2.5
and above, reaching up to ∼7500 K at log(τ)=–4.5. Re-
garding the LOS velocity, the hot feature is partially cov-
ered by an almost at rest region embedded in a mainly
blueshifted background at log(τ)=–2.5. This region is
more redshifted with height, reaching up to 2 km s−1 at
log(τ)=–4.0. A strong and elongated upflow is visible on
the left side of the FOV, which likely belongs to the fibril
partially covering this PMJ (Figure 9). LOS velocities do
not show any relation with temperature. At log(τ)=–4.5,
the FOV is more redshifted and a roundish upflow pops
up at the inner end. This agrees with the Ca II K line di-
agnostics (Figure 13) though LOS velocities are usually
more positive than those computed from the K3 peak,
probably due to sensitivity extrapolations during the in-
versions although we tried different node configurations
to avoid them.
As before, this PMJ is co-spatial with a spine-
intraspine boundary in the photosphere that is more dif-
fuse with increasing height. A magnetic structure coin-
ciding with the PMJ is discernible at log(τ)=–3.5, which
weakens with height. This PMJ also reveals a magnetic
field strength gradient along it, with strengths of 1.3 kG
in the inner end that lessen until 0.6 kG in the outer
one, and it is related to horizontal field lines of about
110◦ inclination.
5. DISCUSSION
Our study provides information on the polarization sig-
nals and the physical parameters of PMJs detected in
high spatial resolution data. We also revisit some as-
pects previously reported, such as their morphology and
appearance. In this section we discuss our results to high-
light how they broaden our knowledge on PMJs.
5.1. Polarization and physical parameters of PMJs
High spatial resolution data reveal PMJs as well-
extended and spatially resolved features harboring clear
intensity and polarization signals in the chromosphere.
All the detected PMJs are located above photospheric
regions where magnetic field inclinations have significa-
tive horizontal gradients, such as at the spine-intraspine
boundaries or the outer edges of penumbral filaments
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and the sunspot outer boundary. These regions are sus-
ceptible of harboring field lines that are pulled down by
(convective) downflows, as several observational studies
have found (Borrero & Ichimoto 2011; Scharmer et al.
2013; Ruiz Cobo & Asensio Ramos 2013; Franz et al.
2016). As Tiwari et al. (2016) proposed, magnetic re-
connection is likely to occur in an environment with large
magnetic field variations taking place at such small spa-
tial scales. Reconnection products could be driven to
upper layers through a region of reduced magnetic field
formed between the spot field lines dragging to the so-
lar surface and those remaining steady. Even though we
do not detect clear evidence of magnetic reconnection,
its existence can not be ruled out as they could happen
on scales smaller than our spatial resolution or in deeper
atmospheric layers.
The apparent rise speeds reported so far are of or-
der 100 km s−1 (Katsukawa et al. 2007; Vissers et al.
2015; Tiwari et al. 2016). Assuming that these speeds
are associated with vertical motions of gas, the Doppler
velocities inferred from PMJs should be of the same or-
der of magnitude, as the heliocentric angle is small. On
the other hand, if they were related to horizontal mo-
tions, PMJs would systematically harbor LOS velocities
of about 15 km s−1. However, our results reveal that
these features do not stand out from their surroundings
because of their LOS velocities, as most of them harbor
values of less than ±4 km s −1, which is consistent with
the absence of strong lineshifts in their profiles.
Considering the appearance of the emission peaks of
PMJ-like Ca II 854.2 nm intensity profiles, and also that
of the K2 peaks in most of the cases, we identify five
types of intensity profiles along PMJs that correspond to
different velocity gradients along their LOS irrespective
of their locations within the spot. Thence, we can not
allocate a unique vertical velocity in the chromosphere
to the PMJs.
In any case, we find LOS velocities that are much lower
than the apparent rise speeds of PMJs reported in the
literature (typically in excess of 100 km s−1). This dis-
crepancy between measured LOS velocities and appar-
ent motions indicates that the fast appearance of PMJs
cannot be explained by plasma flows alone, similarly to
type II spicules. At the limb, type II spicules display ap-
parent rise velocities of 30–150 km s−1 (De Pontieu et al.
2007; Pereira et al. 2012) while their TR counterparts dis-
play apparent speeds on the disk of 80–300 km s−1 (Tian
et al. 2014; Narang et al. 2016). Doppler shift measure-
ments however, are typically in the range 20–50 km s−1
(Rouppe van der Voort et al. 2009; Sekse et al. 2012) or
50–70 km s−1 in TR diagnostics (Rouppe van der Voort
et al. 2015).
Recently, De Pontieu et al. (2017) explain the discrep-
ancy observed in type II spicules by the fast apparent
motion being caused by a heating front moving at much
higher velocity than the actual mass flow. Magnetic con-
centrations of different strength and inclination, due to
convective motions in the photosphere below the spicule,
build up currents that penetrate into the chromosphere
within the spicule, where they are rapidly dissipated at
Alfve`nic speeds by ambipolar diffusion, producing in turn
rapid heating. Therefore, the apparent high-speed mo-
tion in type II spicules is due to both effects: fast prop-
agation of currents and rapid associated heating.
We speculate that a similar scenario might be at play
in PMJ formation. Magnetic reconnection in the deep
photosphere of the penumbra may trigger fast currents
that act as an upward propagating perturbation front.
Their propagation might produce current heating and,
therefore, increase the temperature higher in the at-
mosphere. The distinctive emission peaks in the PMJ
Ca II 854.2 nm intensity profiles and the enhanced K2
peak separation found in PMJs suggest temperature en-
hancements taking place at the temperature minimum
region and low chromosphere. This heating may continue
through the chromosphere as the atmospheric model re-
trieved from the STiC inversions reveals, where PMJs
are related to hot features that expand and are hotter
at larger height, reaching up to 7500 K at log(τ) = -
4.5. Furthermore, the overall enhanced intensity in the
PMJ Ca II K profiles may be explained by a relatively
increased coupling to the local conditions in the higher
atmosphere as a result from enhanced collisions with elec-
trons associated to the currents.
In addition, PMJs exhibit enhanced polarization sig-
nals in Ca II 854.2 nm, specifically in circular polar-
ization. Our inversions indicate that this polarization
increase in PMJs might be related to magnetic fields
of about 1 kG in the chromosphere. Considering the
inferred average magnetic field strengths and densities
within the PMJ at log(τ) = -2.5, -3.0, -3.5 and -4.0, we re-
trieve Alfve´n speeds of 25, 35, 55 and 150 km s−1 at those
optical depths. Therefore, the apparent speeds reported
on before are approximately of the same order of mag-
nitude. Finally, results suggest that field lines in PMJs
are more horizontal in the upper layers, in agreement
with the inclination height variation found by Jurcˇa´k &
Katsukawa (2008).
5.2. Comparison with previous studies
Statistics on the spatial dimensions of the detected
PMJs give us values akin to those found by Katsukawa
et al. (2007), but greater than those reported by Drews
& Rouppe van der Voort (2017). The latter could be
due to differences in the detection method, as we have
probably missed smaller PMJs. Nevertheless, our results
are comparable. Regarding their duration, PMJs have
lifetimes similar to those measured in Drews & Rouppe
van der Voort (2017). We also find hotspots as in Tiwari
et al. (2016) and Drews & Rouppe van der Voort (2017),
where PMJs recursively appear.
Usually, PMJs are also visible in the mid-upper chro-
mosphere since they appear as brightenings or small
bulges inside bright fibrils in the Ca II 854.2 nm and
Ca II K line cores filtergrams, in agreement with the
findings of Vissers et al. (2015).
The most common types of Ca II 854.2 nm intensity
profiles are those harboring a blue emission peak, which
emerge alone or together with the red one, as reported
by Drews & Rouppe van der Voort (2017). PMJs are
usually affected by other neighbor features, such as short
dynamic fibrils, that cover up their emission signals.
In the photosphere, observables computed from the
Fe I 630.15 nm line, such as Dopplergrams, NCP maps
and red-wing magnetograms, exhibit diverse signals be-
low the detected PMJs. However, they seem to be related
to changes in the photospheric penumbra as their appar-
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ent inclination is similar to that of the penumbral fila-
ments, regardless the PMJ evolution. In addition, these
patches are not exclusively located within the transients.
Thus, as opposed to Katsukawa & Jurcˇa´k (2010) and
Jurcˇa´k & Katsukawa (2010), we can not unambiguously
relate these signals to PMJs. To check if these transients
leave any imprint in the photosphere, a more detailed
analysis of the photospheric data is needed.
6. SUMMARY AND CONCLUSIONS
For the first time, we have characterized the polar-
ization signals emerging from PMJs and have inferred
physical parameters in their atmospheres. This has been
achieved thanks to the CHROMIS and CRISP instru-
ments that allow us to acquire photospheric and chro-
mospheric information through high spatial, spectral and
temporal resolution data. Considering observed prop-
erties reported on earlier, we have manually identified
37 PMJs on both penumbral sides at different radii. Par-
ticularly, many of them emerge in the outer penumbral
boundary, and even outside the spot in rare ocassions.
PMJs are well-defined features that appear above lo-
cations where the photospheric magnetic field inclination
shows a sheared configuration, such as at the boundary
between spines and intraspines. This leads us to con-
clude that they require strong field inclination gradients
to occur. There, some field lines are submerged allowing
their reconnection with spines in deeper layers. Recon-
nection products might be led to upper layers through
reduced magnetic field conduits that appear due to the
bending of the photospheric field lines. This scenario is
similar to that proposed by Tiwari et al. (2016). How-
ever, magnetic reconnections might take place below the
photosphere or on scales smaller than our spatial resolu-
tion and, consequently, their imprints may have eluded
direct detection.
By performing inversions with the STiC code, or by
other analysis of the Ca II K line profiles, PMJs are con-
cluded to be associated with small LOS velocities com-
pared with the high apparent rise speeds found in previ-
ous studies (Katsukawa et al. 2007; Vissers et al. 2015;
Tiwari et al. 2016). Furthermore, it is not univocal to
designate an exclusive behavior of their vertical veloc-
ity as diverse gradients can be inferred depending on the
asymmetries of the emission peaks of the Ca II 854.2 nm
intensity profiles and that of the K2 peaks. This suggests
that PMJs might not be primarily related to actual gas
motions induced by magnetic reconnections.
Similarly to the explanation for the type II spicules
given by De Pontieu et al. (2017), PMJs could be due
to the propagation of perturbation fronts originated by
magnetic reconnections in the deep photosphere. A plau-
sible possibility is that these perturbations are currents
that dissipate energy within the PMJ. Having more elec-
trons can also increase collisional rates locally and, thus,
enhance the coupling to the local conditions during this
transient phase. This can also contribute to explaining
the overall brighter PMJ Ca II K profiles.
The heating might continue until, at least, TR temper-
atures, as Vissers et al. (2015) found. Our results sup-
port this idea as the greater K2 peak separations found in
PMJs indicate temperature rises in the low chromosphere
and, moreover, inversions reveal that PMJs expand and
heat up with height, from 4500 K to about 7500 K.
Polarization signals within PMJs stand out from their
surroundings in the Ca II 854.2 nm line, specifically in
circular polarization that usually shows multi-lobed pro-
files mostly due to the peculiar shape of Stokes I. Inver-
sions results show that PMJs are related to magnetic fea-
tures of ∼1 kG that are more horizontal at larger heights,
in agreement with Jurcˇa´k & Katsukawa (2008).
Finally, most of this analysis has been carried out by
taking into account only the moment when PMJs are at
their maximum brightness. A natural step to continue
this work would be to study the temporal evolution of
these transients in order to shed more light on them.
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